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It is conjectured that flavor mixing furnishes a universal mechanism for the spontaneous breaking 
of supersymmetry. The conjecture is proved explicitly for the mixing of two Wess-Zumino M = 1 
supermultiplets and arguments for its general validity are given. The mechanism relies on the 
fact that, despite mixing treats fermions and bosons symmetrically, both the fermionic and the 
bosonic zero point energies are shifted by a positive amount and this kind of shift does not respect 
supersymmetry. 
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Supersymmetry (SUSY) is a posited symmetry of nature that has many nice features. Its breaking has been the 

• subject of an intense investigation in particle physics in the last decades because, since SUSY is not observed, it must 
| be either broken or ruled out as a fundamental symmetry of nature. The first models exhibiting spontaneous SUSY 

y—( • breaking were proposed in [H, 0] , while the dynamical breaking was discussed in [3[ . 

An (apparently) separated and important aspect of modern particle physics is flavor mixing, which occurs in both 
r 3 1 . the hadronic 0, |j| and leptonic [f| sectors of the Standard Model. 

In this letter we conjecture that flavor mixing, even when it occurs between supermultiplets (hence preserving 
JL , SUSY at the Lagrangian level) always induces a spontaneous breaking [2l| . Since mixing is seen experimentally, our 

• conjecture points at flavor mixing as the responsible for the fact that SUSY is not seen at our scales. 

The conjecture is based on the following argument. First of all we recall that, given any supersymmetric theory, 

1 1 the SUSY algebra implies that a sufficient condition for spontaneous SUSY breaking is a nonzero vacuum energy (see, 

e.g., (H). In Majorana notation this is written as follows (in this letter we adopt the conventions of 0,(1] ): 

1 

<0|ff|OH-(0|Tr((77 [Q,Q] + )|0}^0 => Q a \0}^0. (1) 

Tf, ... 

where H is the Hamiltonian of the theory, Q is the associated supercharge and C is the charge conjugation matrix. 
Now consider for definiteness the Lagrangian C(ipi, B\) -B2) for two massive supermultiplets with fermionic 
Q> ■ components ipi and bosonic components Bi, with i = 1, 2 and with mi ^ m-i- We have: 

o 

O: (0|F|0) = 0, (2) 



which implies Q Q |0) = 0. Here |0) = 1 0) 1 <E) 1 0) 2 is the vacuum state for H, the Hamiltonian corresponding to C. 
Eq.@ is a necessary signature of SUSY, and it is due to the fact that (here and in the following we set H = c = 1): 

y : h=h^+h b ~y. {< ( N t - 5) + << + I) } . ( 3 ) 

and, being u^. — ui^ = LUk^i, we have ujk,i (5 — 5) = 0, i.e. the zero point energies cancel. For the sake of clarity in 
([3]) we consider the free fields case but, of course, this cancelation is model independent. 
Let us suppose that the two supermultiplets are mixed as follows: 

$„ = cosfl $1 +sin(9 $ 2 = G^ 1 (6)^^(0); (4) 
$ b = -sin6» $1 +cos6> $ 2 = G" 1 (6»)$ 2 G(6'). 

In this way mixing does not break SUSY at the Lagrangian level. On the far right hand sides we have written the 
transformations in terms of a generator G(0). When the fields are mixed there is a new vacuum state, called the 
flavor vacuum 

una, 

given by: 

\0) f = G- l (0)\0) (5) 
Our conjecture states that the expectation value of the Hamiltonian on this vacuum is always of the form: 

f (0\H\0) f = h(0,mi,m 2 )>0 (6) 
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with h = only if 8 = or mi = 772.2, hence SUSY is broken by the nontrivial mixing. Notice that the vacuum 
energies here arc those of particles of definite mass (mass eigenstates) as computed on the flavor vacuum, that is why 
there is no problem in principle to write the corresponding Wfe^s (for details on this point see, e.g., [§-[l2| and later in 
this letter for the explicit case of the massive Wess-Zumino model). 

The effect shown by ([6]) relies on the fact that, despite mixing treats fermions and bosons symmetrically in ((4]), 
both the fermionic and the bosonic zero point energies are shifted by a positive amount. This kind of shift does not 
respect SUSY which would require a negative shift for the fermionic zero point energy combined with a positive shift 
of the same magnitude for the bosonic zero point energy, or viceversa (see Fig. 1 below). Let us now prove it explicitly 
for a simple case. 

Consider the Wess-Zumino Lagrangian for two massive free supermultiplets whose field content is two free Majorana 
fermions ipi, t w0 f ree rea l scalars Si, two free real pseudoscalars Pi, two scalar dummy fields Fi and two pseudoscalar 
dummy fields Gi, (i = 1, 2): 

C = - l - & - ~ fySi^Si - \ d»P t + X - Fl + I G\ + ma (f x S x + GxPx - i& Vi) + (1 -> 2) . (7) 

The field content of the theory is the same as that of a M — 2 hypermultiplet, which is made out of two M = 1 
Wess-Zumino supermultiplets. Nevertheless, the SU(2)r symmetry for us is explicitly broken by the request of having 
?7ii ^ 7772, hence we are not dealing with a JV = 2 SUSY theory but rather with two copies of a M = 1 Wess-Zumino 
theory. For this reason we consider the following SUSY transformations that leave invariant (up to a surface term, as 
customary) the off-shell Lagrangian J7j): 

SSi = iatjji , SPi = ia^ 5 ipi] (8) 
6^ = d^Si-^P^a+iFi+^G^a; (9) 
5Fi = iarfdrfi , 5G, = ia^d^i (10) 

where i = 1,2, and the parameter a is a Majorana spinor. 

We keep the off-shell formulation for the sake of showing that SUSY is untouched by the mixing at the Lagrangian 
level (see later). Of course, the dynamical information resides in the on-shell expressions that are recovered by using 
the Euler-Lagrange equations for the dummy fields, 

^" = -771^, Gl n = -miP h 7 = 1,2, (11) 

in the Lagrangian ([7]) to obtain 



£ ~^i(0 + mi)^i - \d^S l d^S 1 - \m\S\ - \d, x P x d^P 1 - l -m r - , I , 2i 

1 ,,o „ 1 



-lVO + M d )V - ^Sd»S - -S T M}S - -d,Pd»P - -P T M 2 d P, (12) 

(here ip = (-01, tp2) T , S — (Si, S2) T , P — (Pi,P2) T , and Md — diag(mi, 7772)) and in the expressions for the transfor- 
mations (JSJ) and (|10l) . Note that the transformations (| 10[) become identities satisfied when the fermions are on-shell, 
while ([9]) becomes 

Si>i = d^S, ~ 75 P)7 M « ~ rni{Si + 7s Pi)a ■ (13) 



The transformations ([8]) are untouched by this procedure. The on-shell Lagrangian (|T2|) is invariant under (|8]) and 

By applying the usual Noether method to the off-shell Lagrangian ([7]) we find the following conserved SUSY current 
associated to the transformations © - (ITU1) : 
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J" = > irMSi - 75^)7"^ + ma^Si - 75 P)^] ■ (14) 



=1 



Note that the dummy fields go on-shell automatically in the procedure and the same conserved current is obtained 
by using the on-shell expressions (IT21) and ([8]) and ([T3|. The latter is a universal feature of SUSY-Noether currents 
[l3l [l4j and we can make use of it anytime. 

Consider now the mixing transformations ((3]) for the model ([JJ: 



ip f = Uip, S f = US, P f = UP, F f = UF, G f = UG, 



(15) 
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where ipj = (ip a ,ilj b ) T , etc., F = (Fi,F 2 ) T , G = (G\,G2) T , and U = ( C °^q cos0 j ^^h ^ nese the Lagrangian 
© becomes 

£/ = ™ & W« - \ d^S a d^S a - - d^Pa d» P a + X - F 2 + I G 2 + m a [F a S a + G a P a - U\) a ^ +(a^b) 

+ m ab (^F a S b + F b S a + G a P b + G b P a - l -$ a ip b - ^ b ^ , (16) 

where m a = m\ cos 2 9 + to 2 sin 2 9, m b = m\ sin 2 9 + mi cos 2 9, and m ab = (rriz — mi) sin 9 cos 9, while, due to linearity 
of both the SUSY transformations l[8"|)-(|10p and the mixing transformations (|15p we have (a = a,b): 

SS a = iatpa- , 8P a = iajGipa] (17) 
6xjj a = dp{S a --isP a )'fa + {F a + ' 1 sG„)a\ (18) 
5F a = iarfd^ , 5G a = ia^d^ (19) 

i.e. off-shell the mixed fields transform just like the unmixed ones under SUSY. The first terms of Cf in (1161) (first 
line) are invariant in form with respect to the unmixed Lagrangian ([7]) or, in other words: Cf — C + C m i x , where 
all functions are evaluated in the new variables Sf, etc.. This is as it must be, because the mixing transformations 
are not a symmetry of C but rather a redefinition of the fields, which in general changes the functional form of the 
Lagrangian C — > Cf. Another well known example of such a redefinition is the shift of the fields to the "true vacuum" 
in theories with spontaneous symmetry breaking. 

On the other hand, it might appear that the form invariance of the SUSY transformations (IT71) - p^|) only guarantees 
the invariance of the first line in (TT6l) descending directly from the invariance of ([7]) under ([8l)- (fT0|) . In other words, 
it appears that C m i X explicitly breaks SUSY. In fact, it is not so. It is straightforward to see that C m i X is invariant 
on its own under (IT71) - (Q33) , 8C m i X = dfj.(iam a b[(Sb + ^P b )^i^^ a + (a O 6)]), hence the conserved SUSY current is 

b 

J f = J2b Xd *( S ° - 1&P*Yf1>* + ma'fiSc - ThiVtya + m aT r{Sr - 7 5 Pr)Vv] , (20) 

a— a 

with t — a,b and r ^ a. As for the Lagrangian, we can write J? — J M + J^ x , with obvious notation but keeping 
in mind that all functions are evaluated in the new variables Sf, etc., i.e. it is crucial to notice, that, just like 
C(S, ...) = Cf(Sf, ...) also for the currents J^(S, ...) = Jj(Sf, ...). It is easy to convince oneself that the difference 
between the functional form of in (|14[) and of Jjf above resides in the different expressions for the mixed dummy 
fields on-shell [HHHI obtained from (TTt?| (compare with (fTTj) ) 

F™ = ~m a S a - m aT S T , G°" = -m a P a - m aT P T , (21) 

where cr, r = a,b and r ^ a as the on-shell expression for the fermionic transformation (| is now (compare with 

w 

Ha = 8 M (S a - J 5 P*)y i a - m a {S a + 7 5 P CT )a - m aT (S T + l5 P T )a , (22) 

with a,r — a,b and t ^ a (the other transformations (fl7|) and (fl9|) have exactly the same fate as the corresponding 
ones in the unmixed case © and (ITUl) . respectively). From this we conclude that the on-shell Lagrangian obtained 
by using (|2"Tj) in (TTB")) has the following form 

Cf = + M) tf, f -l d,S f &>S f - l -S] M 2 Sf- 1 - d,P f d^Pf - \ Pj M 2 P f , (23) 

/ YJT Tft h \ _____ _____ 

with M = I a a I , is left invariant by the on-shell transformations (fTT[) and (|2^|) and the conserved current 

V m b J 

is Jj^ in ()20j) . Notice that (|23j) coincides with the Lagrangian obtained by implementing the mixing transformations 
directly on the on-shell unmixed Lagrangian (|12p . as it should be. 

As seen a crucial role is played here by the linearity of SUSY transformations. That is the reason why the mixing 
transformations (fTS)) commute with the SUSY transformations (|51)- (fTU)l allowing for SUSY to be preserved in the 
mixed Lagrangian (|23[) . This is a very robust result and can be easily applied to more general situations. For 
instance, interaction terms can be accommodated with no changes in this formalism without spoiling such a linearity. 
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Indeed, we just need to work with dummy fields both in the Lagrangian and in the transformation rules, as we did 
here for the massive free Wess-Zumino case, and only later move to the dynamical fields. 

Having established the SUSY of the mixed Lagrangian, in what follows we shall not need the off-shell expressions 
and we shall refer only to the on-shell Lagrangians, fields and transformations. We shall compute the expectation 
value of the Hamiltonian on the flavor vacuum to prove that SUSY is spontaneously broken. To that end we need the 
Fourier expansion of the fields (i = 1,2): 



Si(x) 



E 



d 3 k 

(2^1 
d 3 k 1 



vkx 



(27r)2 y/2uj k . 
d 3 k 1 



ikx 



? kx 



(2?r)* 



Ck.ie-'"*-** + cl 



(24) 
(25) 
(26) 



where i>£ 



7oC(wJ ci )* and u£ . = 7oC(w^)* by the Majorana condition and the operators a ki , &k,j and Ck,i 
annihilate the vacuum |0) = |0)^ (g> |0) <g> |0) p . Clearly the expectation value of the Hamiltonian on this vacuum is 
zero, as proved by a straightforward computation: 



(0|fl^|Q) 



d 3 k(w fe) i + w fe , 2 ), 



and 



<0|J7b|0> = /" d 3 k(tj fc ,i+a; fe>2 ), 

where ifg = ifg + -Hp, so that: 

(0|(fl^+ir fl )|0) = 0. 
The mixing transformations (|15|) can be written as: 

Mx) = G^\e) ^(x) G^(9) , S a (x) = G s \d) Si(x) G s (d) , 



Pa( x ) = G~p^{9) Pi(x) G P {9) 



(27) 



(28) 



(29) 



(30) 



respectively, where (a,i) = (o,l),(6,2), and G^ l (0), G^tf), Gp 1 ^), are the generators of the mixing transformations 
9]- 11], [15]. which arc given by: 



G^{9) 
G s {9) 
G P {9) 



exp 
exp 
exp 



(31) 
(32) 
(33) 



d 3 x(7rf (x)S 2 (x) - 7rl(x)S 1 (x)) 
: d z ^{x)P 2 {x)-^{x)l\{.,)) 

where with nf(x) and nf (x) we have denoted the conjugate momenta of the fields Si(x) and Pi(x), respectively. 
The flavor annihilation operators are defined as o£ a = G^ ! 1 (9) a ki G^(9), 6k, cr = Gg 1 (9) 6k, i Gs(9), and Ck,<r = 

G P 1 (9) c M G P {9). They annihilate the flavor vacuum |0)/ = |0)^ (g> \Q) s f ® |0)£ , where: 

|0$ = G^(0) |0>* , |0)f = Gg l (d) |0) s , |0>; = Gp 1 ^) |0) p , (34) 

are the flavor vacua of the fields ip a {x), S a (x), P a (x), respectively. 

The crucial point of our discussion is that the vacuum |0)/ is a (coherent) condensate: 



/<0|<<«£,<|Q>/ = sin 2 #|<| 2 , 
f(0\bl.AMf = f(0\cLc Kt \0)f = sin 2 IH 



B\2 
k I ' 



(35) 
(36) 
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FIG. 1: (A) SUSY preserving shifts of the zero-point energies. (B) Schematic behaviors of the mixing-induced shifts that break 
SUSY in the vacuum. Notice that the breaking is present also in the case that Af ~ As. 



where i = 1, 2 and the reference frame in which k = (0, 0, |k|) has been adopted for convenience. The moduli of the 
two functions and are given by: 



iy0i _ (ut,i+wi)-K2+m 2 ) \V B \ = -( I"*' 1 ! Wk ' 2 

k 2 v /w fei ia;fe : 2(wfe ! i + mi)(u} k ,2 + m 2 ) ' 2 \\j u ka y u>k,i 

The expectation value of the fermionic part of H is given by [l6j : 



f (0\H^\0) f = - / d 3 kK 4 + WM )(l-2|^| 2 sin 2 0), (38) 
while for the bosonic part we obtain: 

f (0\H B \0) f = J d 3 k(io kA +uj k ^(l + 2\V^\ 2 sm 2 0). (39) 
Combining Eqs. (j3"5)) and (|3"9")l we have the result: 

f (0\(H^ + H B )\0) f = 2sin 2 / d 3 k(u kA + u k , 2 ) (\V^\ 2 + |U k s | 2 ), (40) 



which is different from zero and positive when 6 ^ and m\ ^ m 2 . This proves our conjecture for the case in point. 
As announced, the reason of this spontaneous SUSY breaking is that the mixing shifts both the fermionic and the 
bosonic zero point energies by a positive amount, hence it does not respect SUSY as shown schematically in Fig. 1. 

Of course, this is only a very partial proof of the conjecture but it is reasonable to argue that the mechanism shown 
here for the Wess-Zumino model is actually mo del- independent at least when SUSY can be implemented linearly 
hence the mixing transformations commute with it. Indeed, the qualitative features of the mixing of higher spin 
fields are the same as those presented here [Hj]: in the flavor vacuum those fields condense and shift the zero point 
energy always of a positive amount, whether they are bosons or fermions. Having shown here that the breaking 
mechanism induced by mixing is based precisely on this "SUSY asymmetric" vacuum condensate effect of Fig. 1 and 
it does not depend on the explicit form of the functions in (|3"T)) . since in (|3"5)) - (l4T)l) only their squares appear, we can 
attempt to say that supermultiplets of higher spin should not alter the final outcome. Another possible issue with the 
general case is whether interacting fields condense in the flavor vacuum in a way that spoils the spontaneous breaking. 
Unfortunately, the explicit expressions of the functions corresponding to those in (|37l) in this case are not easy to 
obtain but it seems very unlikely that interaction could restore SUSY in the vacuum by modifying the condensates 
from the free case of Fig. 1 (B) to that of Fig. 1 (A). 

Having clarified that, a more urgent task than a complete proof of the conjecture (which, nonetheless, is surely one 
direction worth investigating) perhaps would be to probe our conjecture within phenomenologically relevant models. 
This latter program is the way to test whether it is realistic to consider mixing as the actual responsible for SUSY 
breaking. 

Other directions to investigate are the connection of the SUSY breaking illustrated here with the well known SUSY 



breaking induced by a nonzero temperature 17] (in a different context a connection between the mixing angle and 
temperature has been proposed in [181]): and the possible cosmological implications of Eq. (|40[) (in a non supersymmetric 
context it has been shown that the flavor vacuum energy can be interpreted as a new dark energy component of the 
universe [13|). Further analysis of these aspects will be done elsewhere. 
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